ABSTRACT. This paper describes the methods used to develop the Cariaco Basin PL07-58PC marine radiocarbon calibration data set. Background measurements are provided for the period when Cariaco samples were run, as well as revisions leading to the most recent version of the floating varve chronology. The floating Cariaco chronology has been anchored to an updated and expanded Preboreal pine tree-ring data set, with better estimates of uncertainty in the wiggle-match. Pending any further changes to the dendrochronology, these results represent the final Cariaco 58PC calibration data set.
INTRODUCTION
Calibration of the radiocarbon time scale is critical in order to fully utilize this important dating tool as a tracer of geochemical and geophysical processes. Tree-ring chronologies provide high-resolution calibration back to ~12,400 cal BP (Friedrich et al., this issue) , but dendrochronologies beyond that age are currently "floating" and not anchored in absolute age (Kromer et al., this issue) . For the previous IntCal98 data set (Stuiver et al. 1998) , high-resolution calibration data older than tree rings were provided by Cariaco Basin piston core PL07-PC56 . Core 56PC was selected for 14 C dating from a suite of 4 adjacent piston cores, mostly due to the quality of its highresolution grayscale record. The core was sampled every 10 cm, yielding approximately 100-to 200-yr resolution. Cariaco piston core PL07-58PC, on the other hand, has a ~25% higher deposition rate than 56PC (Peterson et al. 1990 ). Core 58PC was sampled every 1.5 cm, providing 14 C calibration at 10-15-yr resolution throughout the period of deglaciation, ~10,500-14,700 cal BP (Hughen et al. 2000) . Until now, however, these data were never converted into a smoothed curve, or combined with other data sets for use in calibration. The methodologies for combining 58PC data with tree-ring and coral data for the IntCal04 atmospheric and marine 14 C calibration curves are described elsewhere in this volume (Reimer et al., this issue; Hughen et al., this issue) . Here, we present the updated anchoring of the floating Cariaco varve chronology to the revised and extended German pine chronology (Friedrich et al., this issue) . In addition, we detail the changes made to the calendar age varve chronology between the publication of the 56PC and 58PC 14 C calibrations, and summarize the 14 C sample treatment and statistics for accelerator mass spectrometry (AMS) measurement of blanks and small samples for this work.
VARVE CHRONOLOGY
In order to visually analyze and count varves in unconsolidated Cariaco sediments, a continuous strip of ~7-cm blocks with ~1-cm overlaps was embedded in epoxy resin and subsequently processed into polished petrographic thin sections (Hughen et al. 1996) . Acetone exchanges followed by resin exchanges (Clark 1988) , as well as freeze-drying, were used to remove water from interstitial spaces and allow the resin to penetrate fully into the sediments (Hughen et al. 1996) . Thin sections were analyzed under a light microscope to determine the internal structure and composition of individual light and dark laminae, and to count and measure varves. A video camera connected to the light microscope captured digital images that were processed using NIH Image analysis soft-ware. The original 1998 varve chronology ) was counted using both thin sections and digital images where the laminations were thick and distinct ( Figure 1 ). However, approximately one-third of the sediment sequence contains darker-colored sediments with thinner, relatively indistinct laminae (Figure 2 ). For the calibration from core PL07-56PC , several of these indistinct sections were interpreted as bioturbated, and varve thickness averaged over adjacent intervals with thicker varves was used to interpolate through these sections.
For the high-resolution 14 C calibration from Cariaco PL07-58PC (Hughen et al. 2000) , the entire sequence of sediment thin sections and digital photomicrographs was re-examined. Image enhancement of the digital images provided increased contrast and magnification to aid identification of laminations wherever they were thinner or less distinct. During reanalysis, many of the indistinct sections originally thought to have been bioturbated were found to have subtle laminations that could be traced across the thin section, more consistent with minimal bioturbation (Figure 2 , top). Another hypothesis is that the varves in these sections are undisturbed but very thin and difficult to recognize using the normal interpretation of alternating laminae with the same distinct dark and light values as elsewhere in the core. Therefore, we adopted a revised protocol for identifying varves in these indistinctly laminated sediment sections. We interpreted each of the faint lamination couplets found within these sections as a single-year's varve. As reported earlier, there are infrequent Figure 1 Thin section of Cariaco Basin varves from core PL07-58PC, 599-600 cm. These varves are from the Younger Dryas interval and are relatively thick, with distinct light-dark couplets. Thick, distinct varves such as these account for about 65% of the 10,500-14,700-BP section of 58PC covered by the detailed 14 C chronology. Image shows ~1 cm top to bottom. sediment sections 1-2 cm thick, comprising a small minority (<1%) of the sediment sequence, that do not appear to contain laminations at all (Figure 2, bottom) . For the 58PC varve chronology, average varve thicknesses measured immediately above and below these bioturbated sections were used to bridge the gaps.
As a result of this reinterpretation, intervals of the varve chronology containing these faintly laminated sections were expanded as numerous thin varves were counted and added to the chronology. The majority of the chronology was unaffected; however, there were substantial changes in 2 discrete intervals ( Figure 3 ). The earliest Bølling-a period where thick, distinct varves gradually transition from massive, bioturbated sediments of the Last Glacial-was extended with the result that the Bølling period grew by 25%, from 634 to 790 yr. Similarly, during the onset of the Younger Dryas, Figure 2 Thin section of Cariaco Basin varves from core PL07-58PC, 899-900 cm. These varves are from the Bølling interval and are relatively thin and indistinct compared to other Cariaco deglacial sediments. Approximately 35% of the 4200-yr 58PC record corresponds to weak banding such as this. The lower portion of the slide shows an example of potential microbioturbation, which occurs in <1% of the deglacial 58PC sediments. Image enhancement allows accurate identification and measurement of thin indistinct varves, whereas bioturbated sections require interpolation using averaged local sedimentation rates (see text). Cracks in the thin section occurred during the resin embedding procedure. Image shows 8 mm top to bottom.
a large number of additional years lengthened the transition by 33%, from 150 yr to 200 yr. Differences in calendar ages for climate shifts between the 1998 and 2000 varve chronologies resulted from a combination of these discrete additions to the varve chronology as well as the match anchoring Cariaco to tree rings. The 2000 match to tree rings, using much higher resolution Cariaco data than in 1998, resulted in the Cariaco curve shifting to younger ages by ~85 yr. The longer transition into the Younger Dryas also increased the calculated duration of the event itself. If the Younger Dryas is measured from the mid-points of the transitions into and out of the event, the duration is 1335 yr. If the Younger Dryas is defined exclusively by the period of minimum (grayscale) values, its duration is 1235 yr. There is no evidence to support substantial changes in Cariaco sedimentation during the Younger Dryas, such as deposition of 4 couplets per year rather than two. Therefore, it is unlikely that the length of the Younger Dryas event measured in Cariaco Basin sediments can be much shorter than reported here.
The new 2004 match to a revised and extended tree-ring chronology (this work-described below) has shifted the Cariaco chronology back older by 14 yr, but there are no other changes relative to the 2000 varve chronology. The age of the Younger Dryas/Preboreal transition is now placed in the Cariaco chronology at 11,580 cal BP. Figure 3 Cariaco Basin grayscale for the last deglaciation plotted versus old and newly revised calendar age. Calendar ages were derived by matching Cariaco 14 C variations to anchored tree-ring data sets. The gray line represents the 1998 varve chronology anchored using lower-resolution Cariaco 14 C data ). The black line shows the new chronology for this study resulting from reanalysis of the varves (Hughen et al. 2000) , as well as matching the higherresolution Cariaco 14 C data to a revised and extended tree-ring calibration (Friedrich et al., this issue Calendar age (yr BP)
C CHRONOLOGY

Sample Preparation
The PL07-58PC core was cut into 1.5-cm-long sections, and Globigerina bulloides samples (10 mg of carbonate, typically 2000 foram tests) were picked from the >250-µm sediment fraction after wet sieving. Since our AMS backgrounds and uncertainties are size-dependent (Brown and Southon 1997; Kirner et al. 1997) , we used large samples (1 mg of carbon) wherever possible. In some of the deeper sections of the core, notably around 845-860 cm and 900-910 cm, there were insufficient bulloides in a 1.5-cm slice to provide full-sized samples, and mixed planktonic samples (usually bulloides-rich) were used. Results from mixed planktonic and bulloides samples in other core intervals (Table 1) show no evidence of systematic age offsets. When duplicate samples were required, they were obtained from the upper part of the core by repicking bulloides from >250-µm sediments, or from the 150-250-µm fraction if the larger fraction was exhausted. In some of the lower sections of the core where bulloides were less common (e.g. 860-870 and 930-945 cm), duplicates were mixed assemblage samples from the >250-µm fraction.
Samples were sonicated in methanol for a few seconds immediately after picking. In the AMS laboratory, a small fraction of the calcite (<1%) was removed by leaching for a few minutes in ~1 mL of 0.001N HCl in covered 13-mm culture tubes. Samples were then dried in a vacuum centrifuge and transferred to 3-mL Vacutainer disposable blood vials (Becton-Dickinson Corp.) for hydrolysis. Each Vacutainer was evacuated via a 1.3-cm-long #26 hypodermic needle through the septum seal, 1 mL of 85% phosphoric acid was injected, and the vial was heated for 1 hr at 90 °C. The evolved CO 2 was transferred cryogenically to a vacuum line via a #26 needle, purified in a dry ice/alcohol trap, and converted to graphite using hydrogen reduction with an iron catalyst (Vogel et al. 1987) . Although some samples in the deeper part of the core contained pyrite, no problems of sulfur poisoning of the graphitization reaction were encountered.
C Measurements
Radiocarbon was measured as 14 C/ 12 C ratios relative to multiple OX1 standards by AMS (5-8 separate measurements on each unknown spaced over a period of 2-3 hr 15,000 14 C counts per 60-to 80-second measurement). The entire core was initially measured at half-resolution and then remeasured to fill in the intervening points, so that data from at least 2 and sometimes 3 measurement runs spaced a year or more apart are interleaved. Results (Table 1) are expressed as conventional 14 C ages (Stuiver and Polach 1977; Donahue et al. 1990 ). The uncertainties quoted (typically ±40 yr or 5‰) reflect contributions from measurements of the normalizing standards and the blanks in addition to those from the samples. They represent the larger of internal and external errors in the mean for each unknown based on statistical errors propagated through the calculations and the scatter in the data from the multiple runs, respectively. Results on secondary standards run with each set of samples (OX2, TIRI B wood, IAEA C2 carbonate, and TIRI K turbidite) suggest that the calculated errors are good estimates of the actual variance and that any biases are small. 
Backgrounds
Background samples were 5-10-mg aliquots of calcite sampled as several mg-sized chunks. Typically, 2 calcites were prepared and run with every set of 15-20 samples, and the mean value was used for the background corrections for that set. We made no major changes in laboratory procedures over the period of this study, but backgrounds improved from 0.26% modern carbon (pMC) (equivalent 14 C age of 48,000 BP) for samples of 1 mg of carbon in 1998 to 0.09 pMC (56,000 BP) in 2001. Part-way through this work, we became aware of the background improvements achieved by the Kiel group through use of an H 2 O 2 leach followed by transfer of samples to the final hydrolysis vessel while still wet (Schleicher et al. 1998 ). For consistency, we retained the weak HCl leach and dry transfer procedures used initially, and our calcite blanks are as good as those achieved by the Kiel group, but their data are important because they suggest that further background reductions may be possible via improved techniques.
Run-to-run variations for large (>0.75 mg C) calcite aliquots were around ±30% at 1 σ (Figure 4 ). However, differences between dual blank aliquots from the same run were somewhat smaller (average ±17% with a range of 1% to 41%, excluding data from 1 run where we suspect 1 background sample was slightly contaminated). Based on these results, we adopted an uncertainty of ±20% for background subtractions for samples >0.75 mg C.
For smaller samples from core sections where forams were scarce, size-dependent background corrections were used. The algorithms used are similar to those reported previously (Donahue et al. 1990; Brown and Southon 1997) . A minor difference is that we have mathematically decomposed the carbon blank into a near-contemporary component with 14 C content equal to that of the OX1 standard plus a 14 C-dead component which acts purely as a diluant. This convention probably reflects the actual composition of much of the blank-a mixture of contemporary carbon (ambient CO 2 , fingerprints, pollen, spores, etc.) and dead material such as O-ring grease and other hydrocarbon residues, fossil fuel-derived aerosols, and dry ice CO 2 . Importantly, it also allows us to determine the magnitudes and uncertainties of these 2 fractions independently through periodic measurements of small calcite samples (to evaluate the modern component) and small OX1 samples (for the dead fraction). The calculated contemporary and dead components determined from these small-sample blank measurements decreased from 1.2 ± 0.4 µg and 1.8 ± 0.6 µg, respectively, in 1998, to 1 ± 0.4 µg and 1.2 ± 0.6 µg in 2001. The uncertainties reflect the overall scatter in all of the small-sample blank data accumulated over 6-12-month periods, not just the backgrounds measured with the Cariaco samples. We did not attempt to correct for possible run-to-run variations in the small-sample blank, and used the long-term averages and associated scatter when calculating the small-sample background corrections.
Calcite vs Foram Blanks
We used calcite blanks for this study, since the extra effort involved in picking 50-100 foram blank samples from 14 C-dead sediments would have been considerable. However, persistent differences between 14 C results on calcite and supposedly 14 C-free North Atlantic forams have been reported (Schleicher et al. 1998 ), and we have encountered similar problems in samples from a tropical Atlantic core (EW9209; Ceara Rise, unpublished data). The 58PC forams are particularly clean and leave very little detrital residue in the hydrolysis vials, but nevertheless, it is important to directly test the equivalence of the calcite and foram blanks.
Results on background bulloides samples from the nearby Ocean Drilling Program (ODP) Site 1002 on the Cariaco Basin saddle (Peterson et al. 2000) are shown in Table 2 . 14 C concentrations in 7 ODP 1002 Hole C and D samples at or beyond the age limit of 14 C dating are all within 2 σ of zero after calcite background subtraction, but a small mean offset of 0.03 pMC is present. The very old 15X-CCW samples yielded more sediment residue after hydrolysis than most of the 58PC forams and perhaps this contributed to the higher 14 C levels in those samples compared to the calcites. A 0.03-pMC offset would introduce a bias of just 7 yr into the calculated ages for samples around 2 14 C halflives old. 
Contamination and Outliers
Low-level contamination of samples prior to or during sample preparation is an ever-present threat in high-resolution 14 C dating studies on old samples. Of 7 background foram samples in Table 2 and another 12 near-background bulloides samples from deep sections of core ODP 1002D (Table S1 in Hughen et al. 2004b) , one result appears clearly too young, by around 0.15 pMC. Of 80 calcite blanks run with the samples in this study, one of the 53 full-sized blanks is suspiciously high, by about 0.3 pMC (Figure 2 ). In addition, one small-sample blank (not shown) showed clear evidence of contamination, yielding a result 0.6 pMC higher than expected. In none of these cases was there evidence that other samples in the same batch were similarly affected. The age shifts corresponding to these levels of contamination in samples with 14 C ages of 10-12 kyr are about 35, 70, and 145 14 C yr, respectively. The bulloides data suggest that, if those data are typical, up to 5% (1 out of 19) of the results from this study may be shifted to younger ages by about 35 yr-somewhat less than the 40-to 50-yr 1-σ uncertainty in the data. Similarly, the calcite blank results suggest that 1 to 3% (1 or 2 out of 80) may be biased young by 2-3 σ.
Duplicates and Reproducibility
At these levels, any biases from occasional contamination episodes will mostly lie within the normal statistical scatter and will have little overall effect. However, in light of the above, we were particularly suspicious of results which appeared significantly younger than neighboring samples, and picked and measured new aliquots from the same sediment slices wherever possible. In most cases, the second aliquot was older, suggesting that trace contamination may indeed have affected the initial result. Duplicates in this study are therefore biased toward cases where the initial result appeared discrepant, and do not necessarily reflect the overall reproducibility of the 14 C data.
A better representation of 14 C reproducibility for this study can be obtained by the results of 28 measurements of the foram-rich TIRI/FIRI turbidite sample made at CAMS (Guilderson et al. 2003) .
The measurements resulted in a low reduced chi-squared value (χ 2 /Ndeg = 0.93), showing that the scatter is consistent with the uncertainty estimates derived from measurement error and background correction uncertainties. Additional confirmation can be seen in the comparison of 14 C measurements between Cariaco foraminifera and tree rings shown in Figure 3 and quantified in Figure 4 . Again, the low best-fit reduced χ 2 (χ 2 /Ndeg = 0.90) suggests that there is no significant additional variance in either the foraminifera or the tree-ring dates, and implies that our measurements are reproducible and precise within the quoted uncertainties.
Marine Reservoir Effect
The local Cariaco marine 14 C reservoir age was determined by dating 2 samples of pre-bomb forams of known calendar age from box core PL07-BC81 (Hughen et al. 1996) . The calendar ages for the samples are 15 and 40 BP, constrained by varve counts, 210 Pb ages, and historical dates for 2 large earthquakes in the region that resulted in distinct turbidites in the upper 25 cm (Hughen et al. 1996) . The 14 C ages measured for the samples are 490 ± 60 and 460 ± 50 BP, whereas the marine model from IntCal98 (Stuiver et al. 1998 ) yields marine ages of 462 and 450 BP, respectively. This results in ∆R values of +28 and +10, for an average of about +20 yr. On this basis, we assigned a Cariaco reservoir age of 420 yr. An alternate reservoir age determination uses the weighted mean difference of Cariaco and tree-ring 14 C ages between 10.5 and 12.5 cal kyr BP (Hughen et al., this issue) . The mean of the differences, weighted by error, gives the average reservoir age, and the square root of the variance gives the uncertainty. This resulted in a reservoir age of 430 ± 30 yr, close to the original value as expected, since the Cariaco calendar age was determined by wiggle-matching the res-ervoir-corrected data to IntCal04 tree rings. However, the reservoir uncertainty of ±30 yr is robust and is adopted in Table 1 . The reservoir age is assumed to have remained constant through the last deglaciation, and has been used to convert Cariaco marine 14 C ages to atmospheric values. The best evidence for a constant local Cariaco reservoir age is seen in the close agreement between Cariaco and tree-ring 14 C ages across the abrupt Younger Dryas termination ( Figure 5 ). There is no discernible offset between terrestrial and marine 14 C despite strongly increased Cariaco upwelling during the Younger Dryas period. This agrees with evidence for a short residence time of carbon in the deep basin, ~100 yr (Holman and Rooth 1990) , suggesting that increased upwelling does not result in significantly "older" water reaching the surface.
There is preliminary evidence from floating tree-ring sequences matched to the Cariaco record suggesting a possible increased marine reservoir age during the Allerød period (Kromer et al., this issue) . These data suggest that the reservoir age from 14,000 to 13,000 BP may have been as high as ~650 yr, decreasing to ~420 yr during the transition into the Younger Dryas. Given the evidence YD PB above for a short Cariaco residence time, this may indicate a change in the tropical Atlantic reservoir age in general rather than the Cariaco Basin in particular. If these preliminary results remain robust as the floating dendrochronology is strengthened and eventually linked to the anchored chronology <12,500 cal BP, they will provide a valuable record of changes in Atlantic reservoir age relative to abrupt climate shifts during deglaciation. The reservoir age uncertainties calculated for this data set (Table 1 ) reflect the variability in reservoir age measurements themselves, and do not take into account potential changes in reservoir age through time, which may be much larger.
CARIACO ANCHOR TO TREE RINGS
To anchor the floating Cariaco varve chronology to absolute age, we matched 14 C variations with the oldest portion of the Preboreal pine chronology (PPC) (Friedrich et al., this issue) . The period of overlap is 1900 yr, centered approximately at 11,403 cal BP. Cariaco 58PC 14 C ages were binned into nearest 5-yr calendar age increments. PPC data were measured at approximate 10-yr resolution and were binned at 10 yr and then interpolated into 5-yr increments. The PPC data set has one 30-yr gap centered at 10,750 cal BP, and three 20-yr gaps centered at 11,975, 12,015, and 12,155 cal BP. In addition, we removed 4 Cariaco samples from the analysis that were anomalously young, possibly due to low-level contamination as discussed above. The 2 data sets were aligned using a stepped correlation in which the Cariaco data were shifted in 5-yr steps relative to the PPC, and correlations calculated for each shift. For this analysis, we also excluded the steep portion of the PPC curve around 11,200 cal BP ( Figure 5 ), which exerts a strong influence on the correlation. Such an abrupt 14 C change might be expected to show a distinct lag in marine data relative to the atmosphere depending on whether the cause of the shift is changes in production rate or ocean circulation. Therefore, in order to avoid biasing our stepped correlation, we removed PPC data between 11,095 and 11,305 cal BP (indicated by a dotted line in Figure 5 ).
To determine the optimum fit, we used a χ 2 approach (Bevington 1969) . For degrees of freedom N = 140, and significance P = 0.33 (to represent ± 1 standard deviation), the calculated value of CHISQ/N must be ≤1.05 (Bevington 1969) . The range of shifts for which CHISQ/N ≤ 1.05 is -2 to +30 yr (Figure 6 ), yielding a best fit of +14 (±16) yr. The PL07-58PC chronology of Hughen et al. (2000) has thus been shifted by +14 yr, and the ±16-yr uncertainty in the wiggle-match procedure is incorporated into the calendar age error in Table 1 . Additional uncertainty due to 1.7% cumulative counting error in the varve chronology itself ) is placed with ±0 yr at the center of the overlap with tree rings at 11,403 cal BP, growing incrementally outward in both directions, but with the maximum uncertainty at the oldest part of the chronology (Table 1 ). All age uncertainties in Table 1 are calculated as the quadrature sum of errors from the different sources discussed above.
CONCLUSIONS
The entire set of Cariaco PL07-58PC 14 C results is presented in Table 1 , apart from a few measurements on very small (<0.2 mg) samples which gave very large uncertainties, and results from the non-varved section of core below 950 cm. The data differ slightly from those presented by Hughen et al. (2000) : duplicates have not been averaged, and we have retained several results which appear anomalously young (possibly due to low level contamination), which we omitted from the earlier compilation. In addition, the floating varve chronology has been anchored to an updated and expanded tree-ring data set, with better estimates of uncertainty in the wiggle-match. Pending any further changes to the dendrochronology, these results represent the final 58PC calibration data set.
